A magnetostratigraphic study of a thick Miocene continental red bed sequence (Totora Formation) located in the north central Altiplano (the Corque syncline) yielded quantitative determinations of the sedimentation rate and better constraints of the timing of the deformation within the Altiplano. Paleomagnetic results obtained in 653 samples from a composite 4.5 km thick red bed sequence across the Corque syncline indicate that most of the Totora sequence was deposited in the middle Miocene from 14 to 9 Ma with high sedimentation rates up to 970 mMyr from 12 to 9 Ma. The high rate of infill of the Corque basin demonstrates active subsidence of the northern Altiplano during the middle Miocene. Deformation ceased in the northern Altiplano domain only at the end of the Miocene. Two major tuff beds within the sequence have been previously dated by 39Ar/40Ar of sanidine minerals [Marshall et al., 19921. The excellent agreement between 'the magnetostratigraphic dating of the tuffs and the radiometiic dating independently supports the age calibration of the geomagnetic reference timescale proposed by Cande and Kent [1995]. The numerous paleomagnetic results obtained in middle Miocene sediments within the Corque syncline, a structure which can be traced for more than 100 km along as a consequence of the intemal deformation of the Altiplano. Inclination flattening of 17" is recorded in these red bed sediments. This result movides additional evidence that detrital its axis, demonstrate that the Corque syncline rotated counterclockwise by 10.8"f+2.910 since 9 Ma . ---1 .. magnetizations, especially in red beds, should be taken with caution when paleolatitudes or long-term variations of the geomagnetic field.
Introduction
The Altiplano-Puna is the second largest high plateau i n the world after Tibet. In Bolivia, the Altiplano is trapped between the Eastern and Western Cordilleras and corresponds to a comparatively flat region of endoreic drainage at an average elevation of 3800 m In the Bolivian Andes, thick continental sedimentary sequences are found in the Altiplano and in the foreland basin (Sub-Andean zone). Within the Altiplano the origin of the thick Cenozoic sedimentary basins remains controversial. The basins were first interpreted as evidence of an extensional tectonic regime in between short compressive phases [Mercier, 1984; Mégard et al., 1984; Lavenu, 1986; $ébrier et al., 19881 . However, the importance of shortening during the Late Cenozoic is now well documented [Sempéré et al., 1990a, b; Baby et al., 1990; Copyright 1999 by the American Geophysical Union.
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0148-0227/99/1999JB900174$09.00 _ _ _ --2 1 t __ _- Hérail et al., 1993; Xennan et al,, 1995; Lanzb et al., 1?97] .-A better knowledge of the subsidence history of the Altiplano is needed to understand the origin and the formation of the up t o 70 km thick Altiplano crust [James, 1971; Dorbath et al., 1993; Beck et al., 19961. In thick continental basins, precise determinations of the sedimentation rates assist in constraining the tectonic processes associated with the formation of the basins. For the Bolivian Altiplano, existing radiometric dates [Marshall et al., 1992; Kennan et al., 19971 provide only information on the age of some intercalated volcanic events within or between thick sedimentary sequences. Magnetostratigraphic dating can contribute much to improved tectonic models of these thick Tertiary continental deposits [Joknson et al., 19861 .
During the Cenozoic, three main continental red bed sequences characterize the sedimentary evolution of the Bolivian Andes. Within the Altiplano, Eocene-Oligocene red bed deposits are essentially pretectonic, while syntectonic red bed deposits characterized the late Tertiary evolution of the Altiplano. In the Sub-Andean zone, sedimentation occurred mostly h m Miocene to Pliocene time. PlioPleistocene deposits are not considered in this study. Preliminary paleomagnetic sampling identified the sections with magnetic properties 'appropriate for further study. Initially, we studied three short sections in Miocene red beds from the Sub-Andean zone. We also sampled the early-middle Tertiary Tiwanaku Formation and the middle Miocene Totora Formation. The magnetic properties of the samples from the Sub-Andean belt are not favorable for a precise magnetostratigraphic dating. The samples from the Tiwanaku and Totora Formations have sufficient strength and stability for magnetostratigraphic dating. The Tiwanaku Formation i s mainly composed of consolidated fine red sandstones with interbedded red claystones. The sandstones do not record a stable magnetization, and only the claystones have a stable remanence carried by hematite. However, the lack of fresh exposures of a sufficiently continuous sequence has so far prevented the acquisition of a magnetostratigraphic record in the Tiwanaku Formation. Only the Miocene Totora Formation from one of the thickest Andean Tertiary sedimentary basins located in the north central Bolivian Altiplano (the Corque basin) was sampled in great detail. A total of 882 cores were sampled for the composite magnetostratigraphic section.
Regional Geology
From the west to the east, four geological provinces characterize the Bolivian Andes (the Western Cordillera, the Altiplano basin, the Eastern Cordillera, and the Sub-Andean thrust belt; Figure 1 ). Most of the geodynamic evolution of the Altiplano is strongly related to the tectonic evolution of Figure 1 . Structural sketch map of the central Andes. The fault pattern is from Sempéré et al. [1990a, b] During the Miocene a thick sequence of continental sediments was deposited in syntectonic basins. The Corque basin in the northern Altiplano is the largest one, and it was the principal target of our study.
The Cenozoic infill of the Altiplano is well exposed across the Corque syncline, and the axis of the syncline, oriented N150°, can be traced for more than 100 km (Figure 2a 
Páleómagnetic Sampling
The Totora Formation is mainly composed of poorly consolidated sandstones with interbedded claystones. M e r removal of 10 to 20 cm of weathered clays we drilled the soft sediments with air cooling, which enabled us to collect a large number of samples (882 cores in this study). As part of the initial stages of the magnetostratigraphic study (Figure 2 ), nine sites were drilled in the Miocene Totora Formation t o check the magnetic properties ( Figure 2b for details of the geological features).
for a magnetostratigraphic study because its upper part contains two precisely dated interbedded tuffs [Marshall et al., 19921 . The stratigraphic layers dip homogeneously throughout a large part of the basin and the prominent Callapa and Ulloma tuffs can be traced along tens of kilometers within the basin. Because the layers dip homogeneously toward the W-SW at -40", it was possible to sample the sequence where exposures were best, thus minimizing sampling hiatus. The sampling extended laterally over a distance slightly 4 0 lan.
We used Global Positioning System (GPS) to control our position during the most important lateral displacements. The relative vertical spacing of the samples in the outcrop varies h m a few centimeters to a few meters. The absolute vertical position of each sample in the sequence was calculated using the horizontal position and dip of the layers measured along the section. We arbitrarily put zero at the base of the sequence.
It is difficult to assess the errors in the absolute position of the samples, but the relative position was well recognized in the field. We did not collect sites as usually done, for examples by [1986] or MacFudden et al. [1995] but decided to sample as much as possible in the fine-grained sediments. The complete section (849 samples) is made of sections E, C, A, and D with a total thickness of 4664 m. The short section B will not be considered in the magnetostratigraphic study because the numerous sampling gaps do not permit a stratigraphic correlation to section D.
There is one major gap of 1177 m in between sections E and C and 12 gaps of minor size (60-100 m thick) in our sampling sequence. These gaps are due either to the absence of outcrops or to poor sandy lithology. However, the expected high sedimentation rate suggests that each of the minor gaps may 
Paleomagnetic Methods
Magnetization was measured either with a cryogenic magnetometer (CEA-LETI), or spinner magnetometers (fluxgate spinner Schonstedt, spinner AGICO JR5A). One specimen per core was subjected to stepwise thermal demagnetization (10-15 steps) in ASC or Schonstedt furnaces where the residual field was 4 0 nT. On the basis of data fiom ' the detailed demagnetizations performed at all preliminary sampling sites in the Totora Formation, most of the samples used in the magnetostratigraphic study were demagnetized in five steps (200, 300, 400, 500, and 6OOOC).
Magnetization directions were determined by principal component analysis according to Kirschvink [ 19801. All directions were anchored to the origin with demagnetization steps at 400°C, 500°C, and 600°C. Samples with demagnetization not going through the origin were rejected.
Magnetic susceptibility was measured with a Bartington susceptibility meter. For a few samples from each site the susceptibility was measured after each thermal demagnetization step in order to check magnetic mineralogical changes upon 'heating. Isothermal remanent magnetizations (IRh4J were induced with a Brucker electro-magnet.
Anisotropy of magnetic susceptibility (AMs) measurements were performed with a DIGICO instrument or the AGICO KLYSS kappa bridge. Normalized site mean tensors were calculated according to Jelinek [1978] .
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Magnetic Properties
The magnetic properties were mostly deduced from measurements of magnetic susceptibility and natural remanent magnetization (NRM). The Totora Formation and the Tiwanaku Formation have similar intensities of NRM in the range 0.5~10" to 2x10-* A m-l, while the red beds sampled in the Sub-Andean zone have intensities of magnetization nearly one order of magnitude lower ( Figure 3 ). The IRM acquisition curves (Figure 4) indicate that magnetic minerals with high coercivities are the main magnetic carriers in the sediments. Samples fiom the Sub-Andean area have magnetic minerals with higher coercivities than samples belonging to the Totora Formation. The differences in NRh4 intensities between the Altiplano and Sub-Andean red beds indicate that the source of the sediments and the condition of deposition are significantly different. The Sub-+dean deposits developed under humid tropical weather conditions, and it is probable that late diagenetic alteration is important. , Moreover, Ordovician shales containing some amount of iron sulfides are the main source of sediments. In contrast, the Tiwanaku may have originated fiom erosion of volcanic rocks from the Western Cordillera under possibly drier weather conditions. The Totora red beds are derived h m both cordilleras, and erosion of the lower Tertiary red beds (Tiwanaku, sandstones) during the uplift of the Eastern Cordillera is also likely t o have contributed to the infill of the middle Miocene basins.
The magnetic properties of sediments fiom the Totora Formation are well illustrated by the vertical profiles of magnetic susceptibility and NRM intensity ( Figure 5 ). Throughout the thick section, the susceptibility is on average lower than SI, although the observed dispersion illustrates the variability ip susceptibility at submeter scale from fine claystones to siltstones. There is a slight increase in magnetic susceptibility upward, suggesting a greater contribution fiom the volcanic arc to the sedimentation; the magnetic susceptibilities, however, never reach high values similar to those from volcanoclastic deposits. Both normal and reverse polarities are observed suggesting a detrital or early diagenetic primary remanence. Examples of thermal demagnetization are shown in Figure 6 . The observation of linear demagnetization diagrams in several pilot samples constituted the main reason to optimize the demagnetization in five steps for most samples of the magnetostratigraphic sequence.
A M s measurements demonstrate that the sedimentary bedding (Figure 7 ) mostly controls the magnetic fabric. However, a slight AMS lineation parallel to the syncline axis indicates that the sediments record the compressive deformation. This observation is not unique and was observed in most Cenozoic sediments along the Andes [Aubry et al., 1996; Coiitand et al., 1999 ; P. Roperch et al., submitted to J Geophys. Res.] .
Magnetostratigraphy and Deposition Rate in the Corque Basin
One of the main problems in magnetostratigraphic studies is the discrimination between primary and secondary magnetizations, especially overprints of present-day field or the Brunhes Chron. The Corque syncline presents a major advantage for a magnetostratigraphic study because the sequence is tilted toward the west; thus primary magnetizations should be different f?om the present-day field.
This observation is well illustrated (Figure 8 ) by the distribution of characteristic magnetizations in in situ coordinates. The observation of antipodal populations of normal and reverse magnetizations and the fact that the normal directions are not centered on the present-day field indicate that the magnetizations are primary and can be used for magnetostratigraphic purposes.
Several polarity intervals ares observed in magnetostratigraphic sections shown in Figures 9a and 9b . All polarity intervals are defined by several samples and are a few tens of meters thick, except at 3710 m, where we observed a short interval of reversed polarity based on five samples. Several of the observed reversals of polarity are associated with "short hiatus of a few tens of meters in the paleomagnetic sampling. There is thus an Uncertainty in the vertical.position of the reversal.
The most recent geomagnetic reference polarity timescale (GRPTS) published by Cande and Kent [1992, 19951 was used for the correlation with the observed polarity sequence. Several radiometric dates for the late Cenozoic of the northern Altiplano and especially for the prominent Callapa and Ulloma tuffs have been reported [Evernden et al., 1977; Marshall et al., 19921 . The radiometric dates are either classic K-Ar dating on mineral separates or single-crystal laser fusion (SCLF) 40Ar/39Ar analysis. Following Marshall et al.
[1992], we will use their "best ages" based on SCLF results on sanidine minerals. The best age for the Callapa tuf€ is 9.03k0.07 Ma, and the Ulloma tuf€ is dated at 10.35t-0.06 Ma. The upper part of the sequence is unambiguously correlated to the GWTS (Figure 10) . A very thick interval mainly of normal polarity is observed í?om 2900 to 3900 m Taking into account the age of the Callapa and Ulloma tuffs, this long normal interval should be correlated with the interval of normal polarity between 10 and 11 Ma. The lower 800 m of our 4600 m thick sequence are correlated with the interval 13.5-14.5 Ma. This choice is the only one that provides the most continuous and smooth sedimentation rate throughout the sequence ( Figure Il) . The magnetostratigraphy thus The paleomagnetic directions are displayed in in situ coordinates. As shown in Figure 8 , the declinations of the paleomagnetic directions of normal polarity are not centered on 360" and cannot be interpreted as a present-day field overprint. Figure 9% for the bottom of the sequence from O to 800 m (section E).
indicates that the bottom of our composite magnetostratigraphic sequence is not older than 14.5 Ma.
The sedimentation rate throughout the sequence is very high. A linear fit between 13.3 Ma and 9.2 Ma indicates a mean sedimentation rate of 976 m/Myr (correlation coefficient of 0.999). If we exclude the interval 12-13 Ma for which there is amajor gap in the data, the sedimentation rate ftom 11.5 to 9.2 Ma is also of 970 &yr. The bottom part of the section was deposited at a lower sedimentation rate (400 to 500 mih4yr).
The magnetostratigraphic ages of the Callapa (9.17 Ma) and Ulloma (10.23 Ma) tuffs are also in good agreement with the "best" radiometric ages given by Marshall et al [1995] revision of the GRPTS. The 1995 version [Cande and Kent, 19951 of the previous scale [Cande and Kent, 19921 has been revised taking into account new Ar-Ar dating, which resulted in shifting to older ages by about 0.5 Myr. Our results support the new radiometric scale of the GRPTS.
Cande and Kent [1995] indicate that there are numerous "tiny wiggles" in marine magnetic anomalies that can be attributed to very short reversals or excursions of the geomagnetic field. The reversed short interval at 3714-3719 m possibly correlates to one of the excursions reported by Cande and Kent [1995] in the time interval 10.205-10.197 Ma. This observation of reverse ,magnetization could be evidence of a very short reverse interval in the Chron C5n-2n.
Discussions

Magnetostratigraphic Constraints on the Rate of Deformation
The steady high sedimentation rate of 0.97 W y r fkom 13 to 9 Ma determined for the Totora Formation is similar to the high rates reported for syntectonic compressive basins in 20, 425 T I W northwestern Argentina [Johnson et al., 1986; Butler et al., 1984; Jordan et al., 19901. MacFadden et al. E19951 also reported magnetostratigraphic results of three Neogene sections within the Bolivian Andes, but the studied sections are so short (200 m for Cerdas, 100 m for Quehual and 240 m for Quehua 2) that it is difficult to estimate the sedimentation rates €or these areas,
The main phase of deformation within the northern Altiplano, marked by thrusting along the Chuquichambi and Corocoro structures is clearly of late Miocene age. This I deformation corresponds to the Quechua 3 phase described in Peru (see Sébrier and Soler [1991] for a review of tectonic phases in the Andes). There are two alternative interpretations of the geodynazic evolution of the north central Bolivian Altiplano.
(1) The high sedimentation rate observed in the time interval (13-9 Ma) may be explained by deposition in a syntectonic compressive basin. This model implies that the whole region was under compressive stress from the middle to the late Miocene. (2) The infill of the Corque basin is taking place in an extensional context prior to an intense and brief pulse of shortening.
Kennan et al. [1995] , Lumb et al. [1997] , and Martinez et al. [1996] interpret the thick infill of the north central Altiplano as accumulation in a compressional basin between the Eastern Cordillera and the Western Cordillera. The high rate of sedimentation from 13 to 9 Ma suggests that the Corque syncline started to form prior to 13 Ma. The Corocoro and Chuquichambi thrust faults could correspond to the last stage of a long compressional event that took place mostly from 13 to 7 Ma.
However, several observations contradict the hypothesis of a synorogenic compressive basin. Hérail et al. [I9931 indicate that the SW verging thrusting of the Eastern Cordillera over the Altiplano was active along the Eucaliptus fault between 19-15 Ma and 13 Ma. Thrusting along this fault ceased at about 13 Ma as shown by volcanic lavas that are not significantly deformed. This volcanism of shoshonitic affinities during the period 13-10 Ma [Hérail et al., 19931 suggests that the Eastern Cordillera was in a transtensional regime during that time. The second observation is the apparent asymmetry in sediment thickness on both sides of the east verging Chuquichambi thrust fault [Rochat et al., 19981. During the middle Miocene the Chuquichambi structure was not a topographic high because sediments within the Corque . syncline are derived mostly from the erosion of the Eastern Cordillera. In order to exp plain the greatest thickness of the Miocene sedimentary sequence to the west of the Chuquichambi structure, Rochat et al. [1996] suggest that the Chuquichambi structure was a normal fault in middle Miocene time. The Corque half graben was then inverted along the Chuquichambi thrust during the late Miocene. Additional structural work is needed to further understand the detailed kinematics of the Corocoro-Chuquichambi zone of deformation.
Tectonic Rotations
Paleomagnetic results from the Totora Formation are abundant and are distributed over several kilometers across the syncline. Samples h m section D in the upper part of the sequence have slightly better magnetic characteristics than samples eom sections A, B, and C, and this difference in magnetic behavior can be seen in the difference in means of normal and reverse samples. In section D the mean direction of reverse magnetizations is exactly antipodal to the one with reverse and normal polarity magnetizations are not exactly antipodal (Table 2) . We attribute this behavior to the addition of a small component of present-day field overprint. The direction of the present-day field overprint is mostly horizontal and oriented toward the north. Because the in situ direction is oriented toward the northwest (southeast for the reverse), the small overprint of the present-day field rotates the in situ declination of the normal polarity samples toward the north and the one with reverse polarity toward the east. Assuming that the small overprint is about of the same ' ' normal polarity. For samples belonging to sections AtC, + Figure 10 , Correlation of the observed magnetochrons with the geomagnetic reference timescale (GRPTS) eom Cande a n d Kent [1995] . UT, Ulloma tuff; CT, Callapa tuff magnitude for the reverse and nOlInal magnetization, it should mostly cancel out during the calculation of the mean value based on reverse and normal samples. This interpretation is Here n is number of samples; D, I are declination, inclination; cxg5 is95% confidence limit of mean direction. K is Fisher * Here n is the number of sites used to determine the mean direction for the magnetostratigraphic section. 
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divided in characteristic paleomagnetic sites (26, 5, 26, and 12 sites respectively) for which a characteristic mean dfrection was calculated ( Table 2 and electronic supplement ). This procedure was chosen in order to minimize the importance of the large number of samples in the calculation of the mean direction, especially in the estimation of the confidence angle a95. The final mean direction corresponds to the average of the directions from these 69 sites, the nine preliminary sites and the small section MGB. The mean tilt-corrected direction (D, 346.6'; I, -22.4"; n, 79; a95, 2.5") ( Table 2) is the most accurate paleomagnetic results obtained in the Andes. Although variations in the tilt directions are limited, the concentration parameter k improves slightly upon tilt correction ( Table 2) . Rotation and flattening parameters were calculated using three distinct reference poles ( R is vertical axis rotation of observed direction compared to expected direction; aR is 95% confidence limit on R; Fis Flattening of the inclination and aF is 95% confidence limit on F * Reference pole from Roperch and Curlier [1992] . $ Reference pole from Butler et al. [ 19951. Reference pole from Somoza et al. [1996] .
proposed by Butler et al. [1995] or Somoza et al. [1996] for the upper Miocene would only reduce slightly our estimated inclination error (-14.3' and -12.5 ', respectively) recorded by sediments from the Totora Formation. Large inclination shallowing in red bed deposits indeed can be a major source of error, thus impeding accurate determination of latitudinal displacement. Such inclination errors have been observed i n modern red bed deposits [Tame and Kent, 19841 but importantly without change in declination, and thus the tectonic rotation reported in this study is still valid. The importance of tectonic rotations within the Altiplano i s further discussed by Coutand et al. [1999] and .P. Roperch et al. (manuscript submitted to J. Geophys. Res., 1999).
Conclusions
The magnetostratigraphic study of the Corque syncline allows the following conclusions:
1. During the Miocene, most of the sedimentary infill of the Corque syncline occurs between 13 and 9 Ma at a high accumulation rate of -970 m/Myr).
2. The close agreement between the magnetostratigraphic dating of the Ulloma and Callapa tuffs and the 40Ar/39Ar dates [Marshall et al., 19921 independently validates the recent revision of the GRPTS [Cande and Kent, 19951. 3.
The
Corque syncline rotated 10.8k2.9" counterclockwise since 9 Ma. 4. The numerous data obtained in the middle Miocene red beds demonstrate 'that such sediments record significant inclination flattening (17") providing unrealistic low paleolatitude estimates.
